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Introduction {#sec005}
============

Optical coherence tomography (OCT) is a non-invasive, diagnostic imaging technology based on the principle of low coherence interferometry that has revolutionised the assessment of ocular disease. In optic neuropathy, it provides an *in vivo* method of quantifying the retinal nerve fibre layer (RNFL) thickness, which may be compared between eyes of the same patient or against a normative database. Glaucoma and other optic neuropathies are often bilateral but asymmetrical. Interocular RNFL thickness asymmetry may therefore provide a useful indication of early disease.\[[@pone.0226728.ref001], [@pone.0226728.ref002]\] However, the thickness and distribution of the RNFL in eyes both with and without disease varies considerably. This physiological variability and other abnormalities present in the healthy optic nerve and non-glaucomatous optic neuropathies also share overlapping features with glaucoma, further complicating the diagnostic process.\[[@pone.0226728.ref003]\]

To date, there have been several studies describing the effect of age, refractive error, axial length and optic disc size on RNFL thickness.\[[@pone.0226728.ref004]\] Globally, the impact of blood vessel location and trajectory on RNFL thickness has also been described albeit results were inconclusive.\[[@pone.0226728.ref005], [@pone.0226728.ref006]\] Thus, the aim of this study was to investigate interocular asymmetry of the RNFL and its association with blood vessel diameter in healthy subjects. A greater understanding of normal inter-individual variation of the RNFL and associated inter- and intraocular factors will contribute to the understanding and interpretation of OCT in optic nerve disease.

Methods {#sec006}
=======

Participants {#sec007}
------------

Participants aged 18 to 84 years who attended the Centre for Eye Health (CFEH), UNSW Sydney, New South Wales, Australia were recruited for this cross-sectional, prospective study between February and May 2017. This study was approved by the Human Research Ethics Advisory panel 'H' of the University of New South Wales, Sydney (Reference number HC 08/2014/36. Patient written consent was obtained for all participants in accordance with the declaration of Helsinki. All participants underwent a comprehensive assessment (including an ocular and medical histories questionnaire, visual acuity, tonometry, perimetry, ocular imaging and stereoscopic optic nerve head assessment) to confirm the absence of any optic nerve pathology that might affect the RNFL. Demographic and clinical data including age, sex and ethnicity, were extracted from the CFEH patient management system (VIP.net, Best Practice Software Pty Ltd, Queensland, Australia).

Exclusion criteria included any structural or perimetric evidence of glaucoma or optic neuropathy in either eye, an intraocular pressure greater than 22 mmHg in either eye at any time, a best-corrected visual acuity worse than 6/12 in either eye or binocularly, amblyopia, strabismus (including microtropia), and a refractive error or spherical equivalent of greater than ±6.00 dioptres (per the consensus threshold of Filtcroft et al.\[[@pone.0226728.ref007]\]). Participants demonstrating evidence of diabetic retinopathy, previous events such as arteritic or non-arteritic anterior ischaemic optic neuropathy, retinal vessel occlusions, other optic neuropathy, a history of ocular trauma in either eye, or a systemic history of hypertension or cardiovascular disease were also excluded.

Data acquisition {#sec008}
----------------

In lieu of a "ground truth", peripapillary RNFL thickness measurements were obtained from the Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, California, USA) for classification and the analysis was conducted using independent Spectralis HRA+OCT (Heidelberg Engineering Inc., Heidelberg, Germany) measurements. Subjects with insufficient scan quality i.e. OCT scans showing incorrect segmentation, signal strength less than 7 on the Cirrus or less than 20dB on the Spectralis were ineligible. Using both OCT instruments, RNFL thickness is quantified and reported in a circumpapillary high-resolution fashion both globally and locally, either subdivided into quadrants or sectors (denoted as "clock hours") or represented graphically as the TSNIT profile. Healthy subjects classically show increased thickness superiorly and inferiorly, consistent with what is often described as a "double hump" ([Fig 1](#pone.0226728.g001){ref-type="fig"}). As the study was looking at inter-eye symmetry, data from both eyes were included in the analysis.

![Study methods.\
(A) Subset of the Cirrus OCT retinal nerve fibre layer analysis showing the TSNIT profile and sectoral thickness values. For the study, patients were first categorised into control or asymmetry groups according to corresponding superonasal sectors in both eyes. The difference in thickness (90 versus 123 microns in this example shown) places this case into the asymmetry group. (B) Blood vessel location, thickness and corresponding RNFL thickness were then quantified using the software selector bar (vertical green line appearing on the OCT B-scan) along the innermost 3.5mm diameter calculation circle of the Spectralis OCT.](pone.0226728.g001){#pone.0226728.g001}

Based on pilot data and the results of a recent peer-reviewed publication showing significant superonasal interocular RNFL asymmetry,\[[@pone.0226728.ref008]\] subjects were initially classified using Cirrus OCT sectoral RNFL thickness values between 9 o'clock to 2 o'clock. Subjects were enrolled into the asymmetry group if the difference in RNFL thickness of either corresponding superonasal sectors between the right and left eyes (i.e. one o'clock of the right eye against 11 o'clock in the left eye and 2 o'clock in the right eye versus 10 o'clock in the left eye; [Fig 1A](#pone.0226728.g001){ref-type="fig"}) was equal to or greater than the 75^th^ percentile of the average difference of all participants. Participants within the 75^th^ percentile range of the cohort formed the control group.

Blood vessels cutting across the superior hemifield of the OCT scan circle in both eyes of each participant were then located, categorised as either an artery or vein, mapped and measured using the Spectralis SD-OCT glaucoma module premium edition of the Heidelberg Eye Explorer software. The instrument uses a proprietary "anatomic positioning system" to automatically delineate the boundaries of the RNFL along a calculation circle according to fixed landmarks and a line connecting the centre of the fovea and the centre of Bruch's membrane opening (taken as the margins of the optic disc). For the purposes of this study, the RNFL thickness values at each scan location along a 3.5mm diameter scan circle and the corresponding measurement numbers were also extracted using an export function for each patient. Blood vessel location and corresponding RNFL thickness measurements were sorted by sector into six groups at 30° intervals; 0° was used to denote the axis connecting the fovea to Bruch's membrane opening.

Each of blood vessel location, diameter and corresponding RNFL thickness were calculated as follows based on a total of 768 A scan measurements in the calculation circle around the disc: $$Location\mspace{720mu}\left( degrees \right) = Measurement\mspace{720mu} number/768 \times 360$$

In locating each blood vessel, the software selector bar ([Fig 1B](#pone.0226728.g001){ref-type="fig"}) was placed at the beginning (Location A) and end (Location B) of the blood vessel shadow on the Spectralis RNFL scan. The above formula was applied to the measurement number, which corresponds to the blood vessel location using the X-axis scale of the TSNIT curve, beneath the selector bar. Once the measurement number was approximated for the "start" and "end" points on the blood vessel shadow, the corresponding RNFL thickness values were recorded. The midpoint of the blood vessel was calculated in degrees based on the mean of Location A and B, and corresponding RNFL thickness at that location was similarly determined based on the mean of thickness measurements at locations A and B. This procedure allowed the best approximation of the average thickness at the centre of the blood vessel as direct measurements cannot be accurately obtained due to vessel shadowing. Blood vessel diameter was also converted to micrometres using the following formula: $$Approximate\mspace{720mu} vessel\mspace{720mu} diameter\mspace{720mu}\left( \mu m \right) = \left\lbrack \pi \times 3500 \right)\rbrack \times \left( Location\mspace{720mu} B\mspace{720mu} –\mspace{720mu} Location\mspace{720mu} A \right)/360$$

Statistical methods {#sec009}
-------------------

Demographic data were summarised using descriptive statistics. Interocular symmetry was calculated as the absolute value of the difference between the values of the right and left eye and asymmetry was defined as outside of the 75^th^ percentile of the resulting distribution. The differences in mean RNFL thickness and blood vessel diameter between eyes across each sector was tested for statistical significance using an unpaired t-test for each group (control, asymmetry and all participants). Linear regression analysis was used to evaluate the correlation between mean RNFL thickness and blood vessel diameter for arteries and veins. All statistical analyses were performed using GraphPad Prism (Version 7.03; GraphPad Software, La Jolla, California, USA). P values less than 0.05 were considered statistically significant.

Results {#sec010}
=======

A total of 100 participants (200 eyes), 56 females and 44 males, aged 23--78 years with a mean refractive error of -0.44±1.76 based on worse eye measurements were included in the final analysis ([Table 1](#pone.0226728.t001){ref-type="table"}). The refractive error of all participants fell within range of the normative databases of both OCT devices used in the study. There was no statistically significant difference between the asymmetry and control groups in terms of age, gender or refractive error.

10.1371/journal.pone.0226728.t001

###### Demographic and ocular characteristics of all participants, asymmetry and control patients, recorded as mean and standard deviation or total count (sex).

P-value denotes statistical significance comparing the asymmetry against the control group.

![](pone.0226728.t001){#pone.0226728.t001g}

  ----------------------------------------------------------------------------------------------------------------------
                             All\            Asymmetry\      Control\        P-value
                             n = 100         n = 45          n = 55          
  -------------------------- --------------- --------------- --------------- -------------------------------------------
  **Age (years)**            52.91 ± 12.09   51.71 ± 13.16   53.89 ± 10.46   0.37[\*](#t001fn002){ref-type="table-fn"}

  **Sex females/males**      56/44           27/18           29/26           0.47[\^](#t001fn003){ref-type="table-fn"}

  **Refractive error (D)**   -0.44 ± 1.76    -0.44 ± 1.75    -0.44 ± 1.80    0.95[\*](#t001fn002){ref-type="table-fn"}

  **RNFL OD (μm)**           92.46 ± 8.66    93.38 ± 9.39    91.71 ± 8.03    0.34[\*](#t001fn002){ref-type="table-fn"}

  **RNFL OS (μm)**           92.06 ± 8.55    90.76 ± 7.37    93.13 ± 9.33    0.17[\*](#t001fn002){ref-type="table-fn"}
  ----------------------------------------------------------------------------------------------------------------------

D = dioptre;

\*unpaired T-test;

\^ Chi-square test

Superonasal asymmetry in RNFL thickness and blood vessel diameter {#sec011}
-----------------------------------------------------------------

RNFL thickness at examined vessel locations was greatest at 61--90 degrees from the horizontal raphe and showed a steady decrease in thickness elsewhere ([Fig 2A](#pone.0226728.g002){ref-type="fig"}). Sectoral RNFL thickness was also significantly greater in the left eye compared to the right eye superonasally ([Table 2](#pone.0226728.t002){ref-type="table"}, 91--120° and 121--150°), and reversed nasally ([Table 2](#pone.0226728.t002){ref-type="table"}, 151--180°). This trend was consistent across corresponding locations in the control group ([Fig 2B](#pone.0226728.g002){ref-type="fig"}), although the greater overall thickness in the left eye between 91--150° was largely driven by participants in the asymmetry group ([Fig 2C](#pone.0226728.g002){ref-type="fig"}).

![Comparison of mean RNFL thickness measured at vessel locations between right and left eye.\
RNFL measurements at each vessel location were averaged across all participants for each 30° interval and compared between the right (white bars) and left (grey bars) eye. Averages and standard deviations were plotted for all participants (A), those without RNFL asymmetry at the 75^th^ percentile (B) and the asymmetry group (C). \* = statistically significant difference at p\<0.05; \*\* = statistically significant difference at p\<0.01.](pone.0226728.g002){#pone.0226728.g002}

10.1371/journal.pone.0226728.t002

###### RNFL thickness and blood vessel diameter measured across the various sectors (30 degree) for all participants.

Sectoral locations between 0 and 90 represent the superotemporal quadrant, 91--180 the superonasal quadrant. P-value denotes statistical significance between eyes.

![](pone.0226728.t002){#pone.0226728.t002g}

                              Right eye               Left eye               Difference   P-value
  --------------------------- ----------------------- ---------------------- ------------ -----------
  **RNFL thickness (μm)**                                                                 
   0--30 degrees              74.0±11.3 (n = 10)      75.5±11.5 (n = 8)      -1.55        0.7900
   31--60 degrees             104.9±24.3 (n = 40)     106.2±23.9 (n = 46)    -1.27        0.8152
   61--90 degrees             157.6±25.0 (n = 176)    161.7±25.8 (n = 172)   -4.04        0.1404
   91--120 degrees            126.8±26.1 (n = 112)    139.5±29.5 (n = 107)   -12.67       0.0456
   121--150 degrees           116.7±21.5 (n = 162)    127.4±25.3 (n = 169)   -10.63       P\<0.0001
   151--180 degrees           102.2±22.9 (n = 121)    95.1±22.6 (n = 106)    7.15         0.0193
  **Mean BV diameter (μm)**                                                               
   0--30 degrees              54.4±11.9 (n = 10)      57.3±39.0 (n = 8)      -2.86        0.8326
   31--60 degrees             76.6±24.4 (n = 15)      80.6±19.4 (n = 46)     -4.02        0.3980
   61--90 degrees             116.8±34.1 (n = 176)    114.5±33.5 (n = 172)   2.35         0.5143
   91--120 degrees            111.1± 37.4 (n = 112)   108.8±39.2 (n = 107)   2.30         0.6570
   121--150 degrees           85.4±28.6 (n = 162)     90.8±25.3 (n = 169)    -5.47        0.0659
   151--180 degrees           77.3±25.7 (n = 121)     74.3±24.2 (n = 106)    2.98         0.3712

Overall 1,251 blood vessels were mapped across all eyes, whereby 712 were arteries and 539 were veins. On average, veins were significantly thicker than arteries (109.01±36.37μm vs. 86.04±30.28μm, T-test p\<0.001). Notably, there were more arteries than veins in all but the superonasal 91--120°sector (which contained 88 arteries and 131 veins). Mean blood vessel diameter did not significantly differ between the two eyes but tended to be greater in the right eye between 61° and 120°, i.e. superiorly, in the asymmetry group ([Fig 3](#pone.0226728.g003){ref-type="fig"}). These differences were not appreciable using the mean blood vessel diameter across the total cohort or the control group.

![Comparison of mean blood vessel diameters between right and left eye.\
Blood vessel diameters were averaged across all participants for each 30° interval and compared between the right (white bars) and left (grey bars) eye. Averages and standard deviations were plotted for all participants (A), those without RNFL asymmetry at the 75^th^ percentile (B) and the asymmetry group (C).](pone.0226728.g003){#pone.0226728.g003}

Blood vessel diameter and mean RNFL thickness {#sec012}
---------------------------------------------

Inter-subject linear regression revealed a statistically significant correlation between blood vessel diameter and mean RNFL thickness at each blood vessel location in both eyes ([Fig 4](#pone.0226728.g004){ref-type="fig"}). The correlation was positive, moderate in size and consistent between both eyes (slope 0.48 and 0.47 at R^2^ = 0.24 and 0.23, p\<0.0001 in the right and left eye, respectively) in the control group. This correlation differed significantly in the asymmetry group (F \[DFn, Dfd\] = 4.8 \[2,547\], p = 0.008), whereby the right eye was more strongly impacted by vessel diameter ([Fig 3C](#pone.0226728.g003){ref-type="fig"}; slope 0.58 and 0.44 at R^2^ = 0.23 and 0.23, p\<0.0001 in the right and left eye respectively). Analysed by vessel type, linear regression models between blood vessel diameter and mean RNFL thickness differed significantly between arteries and veins (F \[DFn, Dfd\] = 81.32 \[2,1247\], p\<0.0001), driven by the overall larger diameter of veins (100.2 ± 43.0 median and ICR) compared to arteries (85.9± 28.61 median and ICR).

![Scatterplots illustrating the individual relationship between blood vessel diameter and mean RNFL thickness per eye.\
The correlations between individual blood vessel diameter measurements and corresponding RNFL thickness is weak (R^2^ between 0.2153 and 0.2419), but highly significant (p\<0.0001). The slight differences in slopes between the right (black) and left (red) eye observed with all participants (A) is highly driven by the divergence in the asymmetry group (B), while the relationship is near identical in the control group (C).](pone.0226728.g004){#pone.0226728.g004}

Regression analysis investigating the correlation between blood vessel diameter and RNFL thickness was subsequently investigated for data grouped by sector under consideration of vessel type, eye laterality, and asymmetry classification ([Table 3](#pone.0226728.t003){ref-type="table"}). Pairwise comparisons between groups was not significant for arteries. For veins, the regression line describing the relationship for the left eye of the asymmetry group differed significantly from the other three groups (F \[DFn, Dfd\] = 2.972 \[6,524\], p = 0.0073).

10.1371/journal.pone.0226728.t003

###### Regression analysis correlating RNFL thickness and blood vessel diameter at vessel locations on average and for each sector (30 degree) by eye and asymmetry classification.

For each group, number of vessel observations (n) and the resulting regression equation (slope and y-intercept) are provided. Based on F-test statistics, arteries and veins always resulted in significantly different correlations. Most pairwise comparisons of regression equations describing the relationship between RNFL thickness and vessel diameter were statistically inseparable, but the correlation obtained for veins in the left eye of the asymmetry group (\*) was significantly different from the respective control group as well as the right eye of the asymmetry group.

![](pone.0226728.t003){#pone.0226728.t003g}

                 Right Eye   Left Eye              
  -------------- ----------- --------------- ----- ----------------
  **Arteries**                                     
   Control       194         0.62x + 6.96    189   0.52x + 22.77
   Asymmetry     164         0.64x + 8.68    150   0.57x + 11.01
  **Veins**                                        
   Control       153         0.78x + 9.25    148   0.83x + 1.73
   Asymmetry     110         0.62x + 27.39   121   0.71x + 3.02\*

Regression analysis further revealed significant correlations between mean blood vessel diameter and RNFL thickness at corresponding locations when averaged across sectors for either vessel type ([Fig 5](#pone.0226728.g005){ref-type="fig"}). Correlation was best for arteries (R^2^ = 0.96) than for veins (R^2^ = 0.88 and 0.89 for right and left eye, respectively). For both eyes, the thickness of veins in the superotemporal area (31--60°) were relatively smaller compared to all other measurements ([Fig 5](#pone.0226728.g005){ref-type="fig"}, black box). Notably, the 91--120° superonasal sector deviated towards larger than average veins with regard to the respective RNFL thickness compared to all other sectors in the right eye ([Fig 5](#pone.0226728.g005){ref-type="fig"}, black arrow). In comparison, the veins in the left eye of the asymmetry group (black circles) were generally associated with a larger RNFL thickness than those of similar size in the other groups (blue circles). As such, differences in vein diameter in the left eye in some individuals appeared to be correlated with the observed pattern of asymmetry.

![Correlation between mean blood vessel diameter and corresponding RNFL thickness averaged for sector per vessel type.\
A strong positive correlation was observed between arteries (red, p = 0.0005) and veins (blue, p = 0.0057) respectively and corresponding RNFL thickness. The data demonstrate a direct relationship for increasing thickness, which was lowest in the temporal sector (0--30°) and highest in the superotemporal sector (60--90°). Linear regression for veins in the left eye of the asymmetry group (depicted as black circles for sectors located between 31° and 150°) differed significantly from all other analyses performed for veins ([Table 3](#pone.0226728.t003){ref-type="table"}). While all veins located in the lower superonasal area (31--60°) were associated with larger than expected RNFL thickness (black box), a notable deviation in the opposite direction was noted for the higher superonasal sector (90--120°) for all veins (black arrow) when compared to those of the left eye or the asymmetry group or the association identified for arteries.](pone.0226728.g005){#pone.0226728.g005}

Discussion {#sec013}
==========

The RNFL is comprised of ganglion cell axons projecting toward the optic nerve head. Given the overlapping appearance between normal and pathological optic discs and the importance of early detection, structural interocular asymmetry is often used as an early indicator of disease.\[[@pone.0226728.ref001], [@pone.0226728.ref009]\] Values falling outside of the normal limits may be regarded as a sign of early disease and this approach has been commonly extended to other variables, including intraocular pressure, cup to disc ratio of the optic nerve head and visual field indices. These results describe a common though under-recognised finding of interocular asymmetry in the superonasal RNFL and its moderate correlation with blood vessel diameter among a group of normal subjects. Superonasal patterns of RNFL asymmetry warrant particular consideration in pigmentary glaucoma, mitochondrial optic neuropathies (Leber's hereditary optic neuropathy and dominant optic atrophy), retrograde degeneration and high-myopia associated optic neuropathy.

Interocular asymmetries in the RNFL using spectral domain OCT of healthy subjects have been described previously in the literature.\[[@pone.0226728.ref001], [@pone.0226728.ref002], [@pone.0226728.ref004], [@pone.0226728.ref010]\] Similar to those previous reports that showed a mean interocular variation in global RNFL thickness between -0.9 and 3.58μm, the present study found a global RNFL thickness asymmetry of 0.4μm, although ranging between -12.86 and 4.17 between individual clock hours of the superior RNFL (thickness of right minus left eye). In normal subjects, further supported by this study, this asymmetry varies by location and is larger when considering corresponding quadrants or sectors between both eyes.\[[@pone.0226728.ref009]\] Using 2.5^th^ and 97.5^th^ percentiles and data from 617 subjects, Hwang et al. reported a normal interocular difference in global and quadrant RNFL thickness of 9.5 and 23μm, respectively. They also found a distinctly thinner superior RNFL in the right eye compared to the left. Further consistent with our results, Mwanza et al.\[[@pone.0226728.ref010]\] and others\[[@pone.0226728.ref001], [@pone.0226728.ref009]\] specifically note this asymmetry to be of greatest magnitude superonasally reporting a mean difference of 11.02μm between the one and eleven o'clock sectors of the right and left eyes,\[[@pone.0226728.ref010]\] which is mirrored by an average difference of 12.86 μm in the current data. More importantly, this difference increases to an average of 21.13μm in individuals identified with a marked asymmetry, while it reduced to 6.09μm in the control cohort.

We also demonstrated a positive correlation between blood vessel diameter and mean RNFL thickness among superior circumpapillary locations on the scan circle. The hypothesised relationship between blood vessel diameter and RNFL thickness is not new and has been posited previously based on the spatial concordance in rim and RNFL thickness and the observation of larger juxtapapillary retinal vessels in the same location supero- or inferotemporally. The finding that a thicker RNFL relates specifically and in part to greater blood vessel diameter, especially in arteries, has been described previously by Hood et al.\[[@pone.0226728.ref005]\] who observed the co-localisation of the RNFL maxima either on or just adjacent of the location of the major blood vessels. The authors describe two reasons for the correspondence: 1) direct contribution of the blood vessels to the OCT measured RNFL thickness, and 2) tendency of the arcuate fibres to coincide in location with the major temporal blood vessels.\[[@pone.0226728.ref005]\]

Thus, although the shape of an individual's OCT measured RNFL profile is well known to relate directly to the location of the superotemporal and inferotemporal major veins and arteries,\[[@pone.0226728.ref006]\] our study is the first to comprehensively relate blood vessel diameter to RNFL thickness as measured using 1,251 data points from SD-OCT, across a range of both major and minor peripapillary retinal blood vessels in a large cohort of normal eyes. Organ pairs are not perfectly symmetrical\[[@pone.0226728.ref010]\] and although there was no overall significant difference in mean blood vessel diameter between the left and right eye, veins were larger in the right than the left in individuals with marked asymmetry of the superonasal RNFL thickness. Furthermore, consistent with other work,\[[@pone.0226728.ref011]\] the diameter of arteries generally correlated better with RNFL thickness than vein diameter, whereby arteries of the same blood vessel diameter than corresponding veins were also associated with larger RNFL thickness ([Fig 5](#pone.0226728.g005){ref-type="fig"}). By measuring the range of individual vessels across the whole superior hemifield and the RNFL thickness at corresponding locations, we were able to convincingly show that blood vessel diameter accounted for up to 24% of the variability in focal RNFL thickness ([Fig 4](#pone.0226728.g004){ref-type="fig"}). This exceeds the correlations described in past studies,\[[@pone.0226728.ref001], [@pone.0226728.ref009]--[@pone.0226728.ref011]\] which were based on global or sectoral RNFL thickness values, and other parameters, including age, axial length, refractive error, intraocular pressure, cup to disc ratio, disc and rim area (Pearson correlation coefficient ranging from 0.04 to 0.47), and aligns closely with more recent work by Pereira et al.\[[@pone.0226728.ref012], [@pone.0226728.ref013]\] By relating the RNFL TSNIT profile with a retinal vessel density profile, the latter group found that up to 24% of the interindividual variance of the circumpapillary RNFL distribution may be explained by the distribution of retinal vessels around the optic nerve head. Taken together, these results also demonstrate a significantly thicker superonasal RNFL profile in the left eye (compared to the right) and a corresponding significant difference in the correlation between RNFL thickness and vein diameter, which represents a significant expansion on prior knowledge.

Other possible causes of interocular RNFL asymmetry by sector, not described in this study, include optic disc size asymmetry, refractive error asymmetry, the position of the RNFL scan circle, test-retest variability and age.\[[@pone.0226728.ref009], [@pone.0226728.ref010], [@pone.0226728.ref014]\] The first two were controlled for through careful patient selection. The Spectralis OCT also circumvents the problem of scan placement by automatically identifying the fovea and the Bruch's membrane opening demarcated optic nerve head. In the present study, subjects were pre-selected based on an asymmetry observed using Cirrus OCT and measurements made on the Spectralis. Although this dual imaging assessment was designed as a strength, it may also have contributed to the selection bias. Other instrument results with different hardware or software components were also not considered. Another limitation of this work is that it did not include a disease cohort and thus fails to address the broader, arguably more clinically relevant, issue of pathological interocular asymmetries, such as in glaucoma, although the topic has been the focus of other work.\[[@pone.0226728.ref001], [@pone.0226728.ref015]\] Finally, only one RNFL scan per eye was considered in the analysis. Thus, effects due to test-retest variability or scan order could not be exclusively ruled out; however, this issue has been similarly addressed by past studies elsewhere that have shown little to no effect.\[[@pone.0226728.ref009], [@pone.0226728.ref016]\]

In conclusion, the present study showed significant superonasal, interocular RNFL asymmetries in a normal population. These findings were shown to correlate with vein diameter and should be taken into consideration when interpreting the RNFL thickness measurements from OCT.

Supporting information {#sec014}
======================
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1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes
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2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.
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4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes
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5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In methodology authors have described -+6D as cut off which is slightly more when we talk about normative data but in results the spherical equivalent is very less which is acceptable.

Age related changes in RNFL can exist and its known fact that every decade there will be some axonal loss which is acceptable for that age.So physiological changes can vary results.

Visual acuity criteria is not very stringent.The authors have mentioned limit as 6/12 which even amblyopes ,mictropic cases can have inspite of normal fundus and RNFL AND Angio parameters will vary from normal in such cases.

This current study has several limitations.Currently, different OCTA systems built by different manufacturers are used worldwide and due to different hardware and software of visualization of vasculature and quantification can vary if different angioOCT are used.

Reviewer \#2: In this manuscript, Ly et al assessed the interocular asymmetry of RNFL in normal eyes and investigated whether it is affected by blood vessel diameter at the same location. They reported that left eyes has significantly thicker RNFL than right eyes and that there was RNFL thickness in the superonasal sectors correlated positively with blood vessel diameter.

The paper is clearly and well written and enjoyable to read. Here are a few comments:

1\) It is not clear why from the get go the authors chose to focus on the superonasal RNFL. The rationale of the choice was not provided.

2\) Relative to remark \#1, RNFL in the nasal sector has not proved to be of great value in the diagnosis of certain diseases, i.e glaucoma.

3\) The correlation between RNFL thickness and blood vessel has been established for decades, so that revisiting the topic with focus on a single sector seems far-fetched, and obviously not a new finding.

4\) From the statistical standpoint, it would have been interesting to run a multivariate regression analysis (with age, axial length, IOP, sex, disc area\....) to see the real contribution of blood vessels to RNFL thickness.

\*\*\*\*\*\*\*\*\*\*
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Response to the Editor

Comment 1

When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Response

• We thank the editorial team for their instructions.

• The manuscript meets PLOS ONE's style requirements.

• The regular text used for the equations on line 127 and 140 have both been updated using Equation Tools.

Comment 2

We note that one or more of the authors are employed by a commercial company: Specsavers.

a\) Please provide an amended Funding Statement declaring this commercial affiliation, as well as a statement regarding the Role of Funders in your study. If the funding organization did not play a role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript and only provided financial support in the form of authors\' salaries and/or research materials, please review your statements relating to the author contributions, and ensure you have specifically and accurately indicated the role(s) that these authors had in your study. You can update author roles in the Author Contributions section of the online submission form.

Please also include the following statement within your amended Funding Statement.

"The funder provided support in the form of salaries for authors \[insert relevant initials\], but did not have any additional role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. The specific roles of these authors are articulated in the 'author contributions' section."

If your commercial affiliation did play a role in your study, please state and explain this role within your updated Funding Statement.

b\) Please also provide an updated Competing Interests Statement declaring this commercial affiliation along with any other relevant declarations relating to employment, consultancy, patents, products in development, or marketed products, etc.

Within your Competing Interests Statement, please confirm that this commercial affiliation does not alter your adherence to all PLOS ONE policies on sharing data and materials by including the following statement: \"This does not alter our adherence to PLOS ONE policies on sharing data and materials." (as detailed online in our guide for authors <http://journals.plos.org/plosone/s/competing-interests>) . If this adherence statement is not accurate and there are restrictions on sharing of data and/or materials, please state these. Please note that we cannot proceed with consideration of your article until this information has been declared.

Please include both an updated Funding Statement and Competing Interests Statement in your cover letter. We will change the online submission form on your behalf.

Response

• The author's affiliations have been updated.

• We no longer have any commercial company affiliations.

 

Comment 3

Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

Response

• A caption for the supporting information file has now been included at the end of the manuscript (lines 396-397, page 19 of the track changes copy).

Response to Reviewer \#1

Comment 4

In methodology authors have described -+6D as cut off which is slightly more when we talk about normative data but in results the spherical equivalent is very less which is acceptable.

Response

• Thank you for the feedback. We agree with the reviewer that many normative data studies adopt a spherical refraction equivalent within ±5D but chose to adopt a ±6D cut off given the consensus definition of pathological myopia described by Filtcroft et al. (IOVS 2019; 60: M20-30). This detail has now been added to the methods of the manuscript: "Exclusion criteria included... a refractive error or spherical equivalent of greater than ±6.00 dioptres (per the consensus threshold of Filtcroft et al.\[7\])." (lines 74-78 of page 4)

• The refractive range described as an exclusion criteria was quite broad; however, as the reviewer noted, the spherical equivalent refraction of all subjects also fell comfortably within the normative databases of the two instruments used in this study (Cirrus and Spectralis, which include refractive errors ranging from -12 to +8D and -7 to +5D, respectively). The manuscript now reads: "The refractive error of all participants fell within range of the normative databases of both OCT devices used in the study." (lines 156-157 of page 8)

• Of the 100 subjects enrolled, the maximum spherical equivalent was +2.5D, the minimum was -5.25D.

Comment 5

Age related changes in RNFL can exist and its known fact that every decade there will be some axonal loss which is acceptable for that age. So physiological changes can vary results.

Response

• We agree that RNFL thickness changes with age are a possible confounding variable.

• In response to this comment, we correlated the baseline Cirrus HD-OCT interocular RNFL thickness asymmetry values (between corresponding superonasal RNFL sectors, 1 o'clock in the right eye against 11 o'clock in the left eye and 2 o'clock in the right eye against 10 o'clock in the left eye) and found conflicting results -- R2 = 0.04882, P= 0.0272\* and R2 = 0.0001526, P = 0.9029 (NS). Thus, and given that the number of enrolled subjects per decade of age was not prospectively standardized, we have now acknowledged this in the text as a study limitation: "Other possible causes of interocular RNFL asymmetry by sector, not described in this study, include optic disc size asymmetry, refractive error asymmetry, the position of the RNFL scan circle, test-retest variability and age." (lines 327-329, page 16).

• Fortunately, there was no statistically significant difference in age (p-value of 0.37, reported in table 1) between the control and asymmetry study cohorts (lines 157-158, page 8).

Comment 6

Visual acuity criteria is not very stringent. The authors have mentioned limit as 6/12 which even amblyopes,mictropic cases can have inspite of normal fundus and RNFL AND Angio parameters will vary from normal in such cases.

Response

• No subjects had amblyopia or microtropia and this detail is now included in the updated manuscript: "Exclusion criteria included any structural or perimetric evidence of glaucoma or optic neuropathy in either eye, an intraocular pressure greater than 22 mmHg in either eye at any time, a best-corrected visual acuity worse than 6/12 in either eye or binocularly, amblyopia, strabismus (including microtropia), and a refractive error or spherical equivalent of greater than ±6.00 dioptres." (lines 76-77, page 4)

Comment 7

This current study has several limitations. Currently, different OCTA systems built by different manufacturers are used worldwide and due to different hardware and software of visualization of vasculature and quantification can vary if different angioOCT are used.

Response

• This limitation is now stated explicitly in the text: "Other instrument results with different hardware or software components were also not considered." (lines 334-335, page 16)

Response to Reviewer \#2

Comment 8

It is not clear why from the get go the authors chose to focus on the superonasal RNFL. The rationale of the choice was not provided.

Response

• Rationale for the choice has been updated in the manuscript as follows: "Based on pilot data and the results of a recent peer-reviewed publication showing significant superonasal interocular RNFL asymmetry,\[7\] subjects were initially classified using Cirrus OCT sectoral RNFL thickness values between 9 o'clock to 2 o'clock. Subjects were enrolled into the asymmetry group if the difference in RNFL thickness of either corresponding superonasal sectors between the right and left eyes (i.e. one o'clock of the right eye against 11 o'clock in the left eye and 2 o'clock in the right eye versus 10 o'clock in the left eye; Fig 1A) was equal to or greater than the 75th percentile of the average difference of all participants." (lines 104-110, page 5)

Comment 9

Relative to remark \#1, RNFL in the nasal sector has not proved to be of great value in the diagnosis of certain diseases, i.e glaucoma.

Response

• We agree with the reviewer that nasal sector RNFL thickness is of limited value in most subtypes of glaucoma; however, the nasal and superonasal RNFL thickness has been shown to be especially relevant in:

o Pigmentary glaucoma (Baniasadi N, J Glaucoma 2016; 25(10): 865-872)

o Mitochondrial optic neuropathies, including Leber's hereditary optic neuropathy and Dominant optic atrophy (Asanad S et al. Curr Eye Res 2019; 44(6):638-644)

o Retrograde degeneration (Zangerl B et al. CXO, 2017; 100(3): 214-226), as well as

o Young myopic glaucomatous appearing patients with different optic disc tilt direction (Lee et al. J Glaucoma 2017; 26: 144-152)

• A sentence to this effect has now been included in the discussion: "Superonasal patterns of RNFL asymmetry warrant particular consideration in pigmentary glaucoma, mitochondrial optic neuropathies, retrograde degeneration and high-myopia associated optic neuropathy." (lines 269-272, page 14)

Comment 10

The correlation between RNFL thickness and blood vessel has been established for decades, so that revisiting the topic with focus on a single sector seems far-fetched, and obviously not a new finding.

Response

• We thank the reviewer for their comment. We agree that RNFL thickness and blood vessel diameter has been previously established and state this explicitly: "The hypothesised relationship between blood vessel diameter and RNFL thickness is not new and has been posited previously based on the spatial concordance in rim and RNFL thickness and the observation of larger juxtapapillary retinal vessels in the same location supero- or inferotemporally. The finding that a thicker RNFL relates specifically and in part to greater blood vessel diameter, especially in arteries, has been described previously by Hood et al.\[5\] who observed the co-localisation of the RNFL maxima either on or just adjacent of the location of the major blood vessels. The authors describe two reasons for the correspondence: 1) direct contribution of the blood vessels to the OCT measured RNFL thickness, and 2) tendency of the arcuate fibres to coincide in location with the major temporal blood vessels.\[5\]" (lines 291-300, page 15)

• However, we then go on to highlight the value of the work: "our study is the first to comprehensively relate blood vessel diameter to RNFL thickness as measured using 1,251 data points from SD-OCT, across a range of both major and minor peripapillary retinal blood vessels in a large cohort of normal eyes." (lines 303-306, page 15).

• The manuscript has also been updated to highlight the unique finding that: "Taken together, these results also demonstrate a significantly thicker superonasal RNFL profile in the left eye (compared to the right) and a corresponding significant difference in the correlation between RNFL thickness and vein diameter, which represents a significant expansion on prior knowledge" (lines 322-325, page 16).

Comment 11

From the statistical standpoint, it would have been interesting to run a multivariate regression analysis (with age, axial length, IOP, sex, disc area\....) to see the real contribution of blood vessels to RNFL thickness.

Response

• We thank the reviewer for their interest and request that they kindly consider that the aim of this study was to explore the interocular asymmetry in RNFL thickness in a group of normal eyes. A multivariate regression analysis using interocular RNFL asymmetry as the outcome variable is consequently inappropriate for two reasons: 1) that age, axial length, IOP, sex and disc area are strongly correlated between both eyes, and 2) that multiple blood vessel thickness and RNFL thickness measures were performed per eye.

• The real contribution of the blood vessels to global RNFL thickness relative to these other parameters has been reported previously by Pereira et al. (IOVS, 2015; 56(9): 5290-5298) and the reader is directed to this work in the discussion: "By measuring the range of individual vessels across the whole superior hemifield and the RNFL thickness at corresponding locations, we were able to convincingly show that blood vessel diameter accounted for up to 24% of the variability in focal RNFL thickness (Fig 3). This exceeds the correlations described in past studies,\[1, 7-9\] which were based on global or sectoral RNFL thickness values, and other parameters, including age, axial length, refractive error, intraocular pressure, cup to disc ratio, disc and rim area (Pearson correlation coefficient ranging from 0.04 to 0.47), and aligns closely with more recent work by Pereira et al.\[10, 11\] By relating the RNFL TSNIT profile with a retinal vessel density profile, the latter group found that up to 24% of the interindividual variance of the circumpapillary RNFL distribution may be explained by the distribution of retinal vessels around the optic nerve head." (lines 312-322, page 16).
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